To investigate the origin of unusual N-vicinal effects, the geometries of the two series of cobalt(III) complexes, [Co(ED3A-type)(X)] − (X = CN − , NO − 2 ) and [Co(EDDS-type)] − , with the pentadentate ethylenediamine-N, N, N -triacetate (ED3A), hexadentate (S,S)-ethylenediamine-N, N -dissuccinate (EDDS), and their N-alkyl-substituted ligands in aqueous solution have been optimized at the DFT/B3P86/6-311++G(2d,p) level of theory. Based on the optimized geometries, the excitation energies and rotational strengths have been calculated using the time dependent density functional theory (TDDFT) method with the same functional and basis set. The optimized geometries and calculated electronic circular dichroism (ECD) curves are in good agreement with the observed ones. Based on this agreement, the characteristics of usual and unusual N-vicinal effects as well as the related chiral stereochemistry phenomena have been discussed. To reveal the origin of the unusual N-vicinal effects, a novel calculation scheme has been proposed, which permits efficiently assessing the contribution of the octahedral core to the optical activities of the chelates. The results show that the substituent effects and conformational relaxation effects make opposite contributions to the overall N-vicinal effects with the former being dominant. The unusual N-vicinal effects originate from the negligible chirality of the octahedral core in the unsubstituted [Co(ED3A)(X)] − chelates. For this reason, their optical activity is dominated by the asymmetric nitrogens and behaves different from the normal cases. The unusual vicinal effects observed in the N-alkyl-substituted ED3A-type chelates reflect an increase in the contribution of the octahedral core to their optical activity, which recovers the ECD spectra from the special cases to the normal ones.
Introduction
The investigation of chiroptical properties of transition metal complexes has received much attention over the past century, with considerable efforts focused on the correlation between experimental parameters of electronic circular dichroism (ECD) and specific stereochemical features of the metal chelates. In this field, much work has been done both experimentally [1, 2] and theoretically [3, 4] . Many theoretical models [5, 6] and empirical or semi-empirical rules [7, 8] have been established. Each of them has enjoyed some success in explaining or rationalizing the observed spectra. However, there remain some interesting experimental phenomena which are not yet well understood. The reason for this is partly due to the fact that transitions in metal complexes are more complex than in organic molecules, partly may be attributed to a lack of extensive theoretical analyses, especially at the firstprinciple level.
For example, it is known that rotational strengths of transition metal complexes in the d-d absorption region are not only governed by the distribution of chelate rings about the central metal ion (configurational effect, e. g., the ∆ /Λ octahedral core) and the conformations of the chelate rings (conformational effect, e. g., the δ /λ twists of chelate rings), but also by the vicinal effects of some asymmetric donor atoms, as indicated by Maricondi and Douglas [9] in 1972. In their study on the ECD spectra of s-cis-[Co(EDDA-type)(L)] ± complexes with the tetradentate ligands ethylenediamine-N, N -diacetate (EDDA), N, N -dimethyl-EDDA (DMEDDA), N, Ndiethyl-EDDA (DEEDDA), as well as a bidentate ancillary ligand L (L = ethylenediamine, oxalate), they found that the ECD peak intensities of all the N-alkyl-substituted complexes are less than half those of the corresponding unsubstituted EDDA complexes. This reduction in intensities was thought to be reasonable because all the groups about the nitrogen are similar, differing only in the second or third atom from the nitrogen. In other words, the asymmetry of alkyl-substituted nitrogens is less than that of unsubstituted ones. Therefore, this effect is called vicinal effect. In this sense, it seems impossible to reverse the sign of rotational strengths or ECD spectra only by the vicinal effects. However, just one year later, Maricondi and Maricondi [10] found that the isomers of [Co(ED3A)(NO 2 )] − and [Co(BED3A)(NO 2 )] − (ED3A is the pentadentate ethylenediamine-N, N, N -triacetate anion, BED3A is the corresponding N-benzyl-substituted ligand) with comparable structures give ECD curves which have opposite signs over most of the d-d absorption region; i. e., the substituted asymmetric nitrogen donor atoms make opposite contributions to the rotational strengths of the complexes when compared with the unsubstituted counterpart. The same phenomenon was also observed by Radanovic et al. [11] in the ciseq-[Co(ED3A-type)(CN)] − complexes. Even in the [Co(EDDS-type)] − complexes (EDDS is the hexadentate (S,S)-ethylenediamine-N, N -dissuccinate anion), which are structurally similar to the [Co(EDDA)(ox)] − series, only negligible N-vicinal effects were observed by Jordan and Legg [12] in 1974. These results raise questions on the nature of the N-vicinal effects.
There has been some effort to elucidate the unusual N-vicinal effects according to the theoretical models [13, 14] and regional rules [8, 15] , but these formal theories may not be adequate for this purpose. In recent decades, however, with the development of density functional theory (DFT) and especially the im- Table 1 . Comparison of the calculated and observed structural parameters † of the isomers cis-eq- provement of time dependent density functional theory (TDDFT) [16] , properties of both ground-and excited-states for medium-sized metal complexes can be calculated at the first-principle level with good accuracy [17, 18] . This makes it possible to perform such an analysis for these chelates.
It is generally agreed that the vicinal effects of asymmetric nitrogens involve not only a change in substituents, but also in the conformations of related chelates. To clarify the nature of N-vicinal effects it is necessary to make it clear which change dominates the effects. Previously [18] , we have reported a theoretical analysis of the cobalt(III) EDDA-type complexes, and found that the two changes make synergistic con- Table 2 . Symmetries of excited states (Sym), excitation wavelengths (λ ), oscillator ( f ) and rotational (R) strengths, electric (µ) and magnetic (m) dipole transition moments as well as the angle (θ ) between them for the first 6 transitions of the cis-eq-[Co(ED3A-type)(CN)] − chelates. tributions to the N-vicinal effects, but the change in substituents is dominant.
In this paper, we shall present and discuss calculations of the two series of cobalt(III) chelates [Co(ED3A-type)(X)] − (X = CN − , NO 
; dxy(pπ) = dxy + π COO with some d-pπ conjugation; n NO2 are the lone-pair electrons on the nitro oxygens; π B is the π orbital of the benzyl group. See footnotes of Table 2 for other information.
Computational Details
In the mixed-ligand cobalt(III) complexes [Co(ED3A-type)(X)] − (X = CN − , NO − 2 ), the flexible pentadentate ED3A-type ligand can occupy five of the octahedral sites around the metal ion to form three octahedral geometric isomers [19] : cis-equatorial, cispolar, and trans-equatorial, as indicated in Figure 1a . In which, the cis-equatorial configuration are generally thought to be the most favored one. In this isomer, the complex possesses four five-membered chelate rings around the central metal ion, including three glycinate rings (G-rings) and one ethylenediamine ring (E-ring), but its octahedral core has no net chirality according to the IUPAC skew line rules [20] or ring-pairing method [21] , though Bell and Blackmer [22] asserted that it 'can be described using the proposed IUPAC nomenclature as ∆ '. This does not mean it has no chirality. In fact, by inspecting the distribution of the chelate rings around the pseudo-C 3 -symmetry axis, we see that two of them form a left-handed screw or left helix as indicated by the heavy red (heavy gray) lines in Figure 2a , while the other two make no contribution. Therefore, the net chirality of the octahedral core should be Λ . This is agreement with the suggestion of Radanovic et al. [11] , and will be used in following discussions. However, in the single ligand chelates [Co(EDDS-type)] − the hexadentate (S,S)-EDDS-type ligand can only form two isomers theoretically, i. e., the trans-(O 5 ) and trans-(O 6 ) forms, as displayed in Figure 1b , where O 5 and O 6 represent the chelate rings in trans positions, being the five-membered G-rings and the six-membered β -alaninate rings (B-rings), respectively. Thus, the two isomers have opposite absolute configurations at the octahedral core; one of them is shown in Figure 2a . Besides, the five-and six-membered chelate rings can also make their contribution to the conformational chirality of the chelate by their (δ /λ ) twist forms, though it is small for the two out-of-plane G-rings because they are nearly planer. It should be noted that the (δ /λ ) twist form of the six-membered B-ring can also be determined according to Figure 2b due to the planar carboxyl group which makes the twist Table 4 . Symmetries of excited states (Sym), excitation wavelengths (λ ), oscillator ( f ) and rotational (R) strengths, electric (µ) and magnetic (m) dipole transition moments as well as the angle (θ ) between them for the first 6 transitions of the Tables 2 and 3 for other information. form of the B-ring much like a five-membered ring. In this way, the absolute configurations can be clearly specified by combining the chirality notations, as depicted in Figure 2 , where the notations are grouped in the sequence: symmetry, ∆ /Λ for the octahedral core, (R/S) for chiral carbons and/or nitrogens with the former first, (δ /λ ) for the backbone E-ring, and (δ /λ . . . δ /λ ) for other chelate rings. In addition, the subscript e/a means equatorial/axial, and the prime ( ) is used to indicate six-membered rings for clarity.
Initial geometries of the chelates cis-eq- [23 -25] . The ground-state geometry optimizations and subsequent frequency calculations were performed employing the DFT method with tight convergence criterion and ultrafine integral grid, as implemented in the Gaussian09 program package [26] . Different functionals have been tested, and finally the B3P86 [27, 28] and B3LYP [27, 29, 30] hybrid functionals together with the 6-311++G(2d,p) basis set were used in the calculations of ED3A-type and EDDS-type complexes, respectively. The excitation energies, oscillator and rotational strengths of the 30 lowest-lying singlet excited states for the optimized geometries were then calculated using the TDDFT method with the same functional and basis set. In all cases, solvent (water) effects have been included using the polarizable continuum model [31] (PCM) in the integral equation formalism (IEF).
Results and Discussions

Optimized Geometry Parameters
The optimized geometries for the ground states of the two series of chelates have been verified by frequency calculations without imaginary frequencies. Two typical structures are pictorially given in Figures 2c and d , the others can be found in the supporting materials (available upon request from the author). A brief comparison between the optimized and observed bond parameters for ciseq-C 1 Λ (R)(δ )(λ λ λ )[Co(ED3A)(NO 2 )] − and trans- Table 1 .
For the chelate cis-eq-[Co(ED3A)(NO 2 )] − , the agreement between calculated and observed values is very good, except for the dihedral angle N1-Co-N3-O8. This exception in dihedral angle means that the calculated orientation of the nitro plane relative to the Co-N1 bond in water solution is quite different from that in crystal, because we did not find another stable isomer with a different nitro orientation. However, for its N-methyl-substituted chelate cis-eq-[Co(MED3A)(NO 2 )] − , we got two stable conformers with the relative energy difference of 1.50 kcal/mol including the zero-point energy (ZPE) correction, which are structurally different only in the nitro orientation. The dihedral angle N1-Co-N3-O8 for the lowest energy conformer (conformer 1) is − 40.5 • , while for the higher energy conformer (conformer 2), it is 54.3 • . Similarly, for the N-benzyl-substituted ED3A chelate cis-eq-[Co(BED3A)(NO 2 )] − , the dihedral angles of the corresponding conformers are − 40.6 • and 57.3 • , respectively, with the relative energy of 1.67 kcal/mol.
The influence of different orientations of the nitro plane on the ECD spectra will be discussed later.
For the chelate trans-(O 5 )-[Co(EDDS)] − , however, the agreement between calculated and measured results is not as good as that in ED3A complex. The largest deviation occurs in the bond lengths of Co-N1 and Co-O1. We have tested other functionals and found that the PBE1PBE [32, 33] functional (also called PBE0 [34] ) can significantly improve the metalligand bond lengths, giving 1.930 Å for Co-N1 and 1.898 Å for Co-O1; but it seems systematically underestimating some C-C and N-C bond lengths, e. g., yielding 1.474 Å for N1-C7. Since the N-C bond lengths are also our main concern, for which the results based on B3LYP functional are clearly better than those of PBE1PBE, therefore the B3LYP results will be preferred.
DFT Energy Levels and Kohn-Sham Orbitals
The calculated DFT energy levels and Kohn-Sham (KS) orbitals for the two series of chelates have been Fig. 3 (colour online) . Comparison of the calculated and observed [10 -12] ECD spectra: (a1) and (a2) the cis-eq- [18] , they will not be discussed in details here.
Rotational Strengths and Transition Moments
The calculated transition wavelengths, oscillator and rotational strengths (both in length and velocity forms), as well as the electric and magnetic transition dipole moments of the two series of chelates have been compiled in the supporting information. As the rotational strengths calculated in velocity form are independent of the choice of origin, only this form will be addressed below, though no obvious discrepancy between the two forms was observed. To facilitate discussions, the parts of results for the first six excitations of the most stable conformers, which cover the most important spectral range of λ > 350 nm, are given in Tables 2 -4 . To clarify the main features of the excitations, a detailed analysis in terms of chromophore transitions has been carried out, and the dominant contributions are listed in the last column of these tables.
For these chelates, the first three excitations are dominated by the typical metal-centered d-d transitions with large magnetic dipole transition moments of 1.6 -1.8 Bohr magneton, while the latter three are more like the weak ligand centered n/π-σ * transitions. These characteristics are quite similar to those of the [Co(EDDA-type)(L)] − complexes [18] . However, we noted that transitions arising from the dz 2 -orbital usually have the largest electric dipole transition moments, which are distinctly different from those of the EDDA-type complexes.
In Tables 2 and 3 , the signs of rotational strengths for the first three transitions of the N-alkyl-substituted isomers are generally different from those of the corresponding unsubstituted one, indicating unambiguously the unusual vicinal effects of the ED3A-type chelates. In Table 4 , the calculated rotational strengths of the first two transitions slightly decrease in magnitude with increase in the methyl substituents. This is in good agreement with the observed [12] ECD intensities of the EDDS-type complexes, and demonstrates the negligible vicinal effects.
Calculated and Observed ECD Spectra
By use of the excitation energies and rotational strengths calculated at the TDDFT level, theoretical ECD spectra for these complexes were generated as a sum of Gaussians, centered at the calculated wavelengths λ calc with integral intensities proportional to the rotational strengths R of the corresponding transitions. The half bandwidths Γ at the ∆ε max / e of Gaussians, were assumed as [35] Generally speaking, the calculated ECD curves are in good agreement with the observed ones, except for those of [Co(MED3A)(NO 2 )] − . In the experimental ECD of this chelate, the negative band around 490 nm significantly splits into two bands, while in the calculated ECD spectrum of the most stable conformer (b2) the corresponding ECD band does not split. Since the conformer (b2 ) is about 1.50 kcal/mol higher in energy than (b2), it seems also impossible to reproduce the experimental ECD by Boltzmann weighted average. To solve this discrepancy, we have made additional calculations, including a trans-eq-isomer effect, a hydrolysis effect, or the formation of a hydrogen bond in solution, as depicted in Figure 4 , but none of these curves look more reasonable. In view of the complicated interactions between the nitro-chelate and solvent in solution, we thought that a molecular dynamics simulation for the solvent effects may be needed to interpret the splitting of the observed band, which is beyond the scope of this paper, and will be reported later.
The Unusual N-Vicinal Effects
According to the interpretation of Maricondi and Douglas [9] , the vicinal effect of an asymmetric nitrogen atom arises from the increase in symmetry of its Structurally speaking, the N-vicinal effects incorporate both changes in substituents and in conformations. The contribution of each change to the overall N-vicinal effects cannot be determined experimentally, but it could be calculated theoretically by replacing the hydrogen atom on the asymmetric nitrogen with a methyl or benzyl group and then calculating the rotational strengths or the ECD spectrum of this complex without geometry re-optimization. To reduce ar- Fig. 6 (colour online) . ECD curves (a) and (b) were calculated by rotating the nitro group of the N-alkyl-substituted chelates to the same orientation as in the unsubstituted one, and (c) was obtained by simply replacing the methyl group of [Co(MED3A)(NO 2 )] − by a hydrogen atom.
tificial error, the related C-N bond length and orientation of the substituent group can be determined by referring to the fully optimized geometry of this structure. Such results should contain only the contribution of the change in substituent. To facilitate comparisons, the ECD curves calculated for these 'fixed' geometries together with those for the fully optimized structures are shown in Figure 5 , as depicted in dashed red and solid blue lines, respectively. The dash-dotted green lines are the ECD curves of the corresponding unsubstituted chelates.
This figure [18] , where the N-vicinal effects sharply decrease the ECD intensity of the [Co(EDDA)(ox)] − chelate. It can be seen from the figure that nearly in all cases the red curves are close or Fig. 7 (colour online) . Variations of the angle (θ ) between the electric (µ) and magnetic (m) dipole transition moments with the geometries of the chelates: unsubstituted (the start points of the lines), substituted without (middle points) and with (last points) geometry optimization. The first three transitions are represented by red (gray), green (light gray), and blue (dark) lines, respectively. Angles are in degrees.
very close to the blue lines. This means the change in substituents, or the substituent effect, makes dominant contribution to the total N-vicinal effects.
For the nitro-chelates [Co(MED3A)(NO 2 )] − and [Co(BED3A)(NO 2 )] − , the small difference between the two curves in the long wavelength region may also indicate that the possible effects resulting from the preferred orientation of the coordinated nitro group are small. To confirm this conjecture, we calculated their ECD curves using their optimized geometries modified by rotating the nitro group to the same orientation as in the unsubstituted one (i. e., the dihedral angle N1-Co-N3-O8 is 28.0 • ) or replacing the methyl group by a hydrogen atom without geometry re-optimizations. The results are shown in Figure 6 . Since the curves in (Figs. 3b2, b2 ) is not dominated by the nitro reorientation, but by the dihedral angle N1-C1-C2-N2 of the E-ring: It is 54.0 • for conformer 1, and 51.7 • for conformer 2.
Experimentally, the N-vicinal effects were measured [9, 10] by subtracting the ECD curve of the Nalkyl-substituted chelate from that of the unsubstituted one. Theoretically, it is not only convenient but also necessary to calculate the vicinal effects as differences in rotational strengths instead of the ECD curves, because exact band-shape functions for the transitions are not available. The generally used Gauss line-shape functions and assumed half band widths may yield incorrect conclusions in some cases. For this reason, the N-vicinal effects of the chelates have been calculated by subtracting the rotational strengths of the fullyoptimized geometries (3rd column in Table 5 ) from those of corresponding unsubstituted chelates (2nd column). The results for the first three d-d transitions are shown in the 5th column in Table 5 . Similarly, contributions of the change in substituents to the total Nvicinal effects were obtained by subtracting the rotational strengths of the fixed geometries (4th column) from those of the unsubstituted chelates and have been given in the 6th column, followed by its percentage to the total vicinal effects. As differences between the total vicinal effects and the substituent effects, the contributions of change in conformations can be found in the 8th column. As seen from this table, the substituent effects are usually the dominant components of the Nvicinal effects, while the conformational relaxation effects are in most cases opposite in sign to the substituent effects for the first two transitions. Therefore, the total N-vicinal effects are the partially cancelled results of the two contributions.
The Origin of Unusual N-Vicinal Effects
Previously, we have discussed the structural factors responsible for the N-vicinal effects. In the view of electron transitions, however, these structural factors must play a role to alter the rotational strengths of transitions. To check how they are functioning, the angles (θ ) between the electric (µ) and magnetic (m) dipole transition moments as a function of the structures of unsubstituted, substituted without and with geometry optimization, have been plotted in Figure 7 . In which, the first three transitions are represented by the red (gray), green (light gray), and blue (dark) lines, respectively. What we see immediately from this figure is that: For the first three transitions of the [Co(ED3A-type)(X)] − chelates, the angle θ varies not very much but always around 90 • ; especially in the first and third transitions, it always passes through the 90 • in the variation of the chelate structure, which leads to the change in sign of the rotational strengths. This phenomenon has not been observed in the [Co(EDDS-type)] − series chelates as well as in others we have treated.
We thought that this phenomenon might be associated with the chirality of the octahedral core CoN 3 O 3 / CoN 2 O 3 C, because the octahedral core of the cis-eq-[Co(ED3A)(X)] − isomer has no net chirality according to the IUPAC rules [20] or ring-pairing method [21] , as has been mentioned in the section of computational details. We could assign it a Λ -chirality, of course, according to the distribution of the chelate rings around the pseudo-C 3 -symmetry axis, but remember that only two of the four chelate rings make contributions to this chirality. It means that the Λ -type octahedral core may make less contribution to the optical activities of these series chelates. To confirm this guess, we propose a novel method to calculate the ECD curves of the chelates, namely, without contribution of the octahedral core. The first step is performing a restricted geometry optimization for the chelates by confining the octahedral core with a C s -symmetry. The second step is the conventional TDDFT calculation using the geometries obtained in the first step. Since the octahedral core now has mirror symmetry, it cannot make direct contributions to the optical activity of the chelates. In this way, we have calculated the ECD spectra of all the chelates mentioned above. Parts of them are displayed in Figure 8 .
As expected, the minor difference between the ECD curves depicted in Figures 8a or b clearly show that the contribution of the octahedral core to the optical activity of the ED3A chelates is very small; while in the EDDS chelate (Fig. 8c) , it makes a significant contribution. Compared with the unsubstituted ED3A chelates, Figures 8d -f indicate that the contribution of the octahedral core in the N-alkyl-substituted ED3A-type complexes increases in certain degree. Although the increase is not very much, the results are significant: For the chelate [Co(MED3A)(CN)] − , it is this increase that reverses the sign of the first two ECD bands, because the dashed red curve is quite different from the solid blue one; for chelates [Co(MED3A)(NO 2 )] − and [Co(BED3A)(NO 2 )] − , this increase is also a major factor to change the sign of the first two bands, albeit it is not the unique factor due to the red curves being already similar to the blue ones in shape (but not in intensity). Note that for most cobalt(III) chelates with a Λ -type octahedral core, the first ECD band is positive and the second one negative. Therefore, the ECD spectra of the unsubstituted chelates [Co(ED3A)(X)] − are special since their first two ECD bands have opposite sign to the normal cases. In other words, the unusual vicinal effects observed in this series chelates reflects an increase in the contribution of the octahedral core or a recovery in the sign of the ECD spectra from the special cases (unsubstituted) to the normal ones (substituted).
Besides this, Figure 8 also supplies some information on the equilibrium structure of the ED3A chelate in solution, because the curve shape of the dashed red line in Figure 8a looks slightly similar to the experimental spectrum than that of the blue line. This fact may tell us that the octahedral core makes no contribution to the experimental ECD due to thermal vibrations of the chelate, but it makes some contribution, though very small, to the lowest energy conformer.
At this stage, we see that the unusual N-vicinal effects of the cobalt(III) ED3A-type complexes originate from the negligible chirality of the octahedral core in the unsubstituted ED3A chelates. For this reason, the optical activity of the ED3A chelates is dominated by the asymmetric nitrogens and the E-ring conformations. It might be hard, if not impossible, to separate the two contributions, because the asymmetric nitrogens act as bridge atoms between the octahedral core and the E-ring. Any change on these atoms will lead to significant change in the chiroptical properties of the ED3A chelates.
Conclusions
In this paper, we have presented a detailed theoretical analysis for the unusual N-vicinal effects on the electronic circular dichroism spectra of the cobalt(III) complexes with ED3A-type and EDDS-type ligands at the DFT/B3P86/6-311++G(2d,p) level of theory (for EDDS-type complexes, the functional is B3LYP). The optimized geometries and calculated ECD curves of the chelates are in good agreement with the observed ones. Based on this agreement, the characteristics of the usual, less usual, and unusual N-vicinal effects as well as related chiral stereochemistry phenomena have been discussed. To reveal the origin of the unusual N-vicinal effects, a novel calculation scheme has been proposed, which permits efficiently assessing the contribution of the octahedral core to the optical activity of the chelates. The main conclusions are as follows:
The vicinal effects of asymmetric nitrogens incorporate both the substituent effects and conformational relaxation effects. They usually make opposite contributions to the overall N-vicinal effects for the first two d-d transitions of the cobalt(III) ED3A-type and EDDS-type chelates, with the former being dominant.
The unusual N-vicinal effects observed in the cobalt(III) ED3A-type chelates originate from the negligible chirality of the octahedral core in the unsubstituted complexes. For this reason, the optical activity of the ED3A chelates is dominated by the asymmetric nitrogens. Any change on these atoms will lead to a significant change in the chiroptical properties. The unusual vicinal effects reflect an increase in the chirality of the octahedral core, which recover the ECD spectra from the special cases to the normal ones.
These findings provide some insight into the unusual N-vicinal effects as well as the chiroptical properties of the chelates.
